One of the main goals of the future wireless networks is improving the users' quality of experience (QoE). In this paper, we consider the problem of the QoE-based resource allocation in the downlink of a massive multiple-input multiple-output heterogeneous network. The network consists of a macrocell with a number of small cells embedded in it. The small cells' base stations (BSs) are equipped with a few antennas, while the macro BS is equipped with a massive number of antennas. We consider the two services Video and Web Browsing and design the beamforming vectors at the BSs. The objective is to maximize the aggregated mean opinion score (MOS) of the users under constraints on the BSs' powers and the required quality of service of the users. We also consider extra constraints on the QoE of users to more strongly enforce the QoE in the beamforming design. To reduce the complexity of the optimization problem, we suggest suboptimal and computationally efficient solutions. Our results illustrate that increasing the number of antennas at the BSs and also increasing the number of small cells' antennas in the network leads to a higher user satisfaction.
I. INTRODUCTION
I N FUTURE wireless networks (or 5G networks) the users will request more data traffic and diverse services than today. Two important technologies that have been proposed for future wireless networks are small cells and massive multipleinput multiple-output (MaMIMO). Small cells can be used in combination with macro cells to form multi-tier or heterogeneous networks (HetNets) that can provide higher capacity and quality than conventional homogeneous networks [1] . On the other hand, MaMIMO is a technology in which base stations Manuscript (BSs) in a cellular network are equipped with a large number of antennas (up to a few hundred) that can simultaneously serve a large number of users. MaMIMO can also be deployed in the HetNets for achieving higher performance, which is the case that we consider in this paper. Service and network providers have studied various QoS metrics to optimize and enhance their network's performance. QoS metrics such as packet loss rate, transfer delay, throughput and coverage are mainly based on technical performance rather than users' experience. Recent studies show that although the conventional technical criteria based on the QoS are important, they are not sufficient for measuring the users' experience. In fact, the users' perception is affected by both technical and nontechnical (human-based) parameters [2] . Hence, for assuring better user experience, service providers have been switching their focus to perceived end to end quality, referred as Quality of Experience (QoE). ITU-T describes QoE as "The overall acceptability of an application or service, as perceived subjectively by the end-user" [3] .
In general, QoE can be evaluated by subjective as well as objective methods. The subjective methods are based on evaluations given by human feelings about a service. One of the common subjective assessment methods is based on Mean Opinion Score (MOS) [4] . This parameter is a real number ranging from 1 to 5 which are related to bad, poor, fair, good and excellent, respectively. Despite their advantages, the subjective assessments of QoE are usually time-consuming, difficult, costly and not real-time [5] . Therefore researchers have recently provided some objective QoE assessments models which are extracted from the QoS parameters. The objective assessment of QoE encompasses communication process measurements and could help service providers to indirectly estimate the users' satisfaction from technical parameters. The equations that relate the QoE to the QoS parameters are obtained by experimental measurements and mathematical analyses [6] - [8] . For example, in [6] the authors use the results of experimental measurements to establish some models such as linear, exponential and logarithmic functions. In [7] , the authors present a MOS model to map the page response time to QoE metrics using a Lorentzian function. In [8] , the authors propose models to describe the user perception of web browsing and video service in terms of some QoS parameters.
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parameters [9] - [10] . However, recently researchers have begun to examine QoE concept for optimizing the network parameters. For example, in [11] the authors show that the QoE-based resource allocation is more efficient than the QoS-based methods in responding to users' demand [12] - [16] . In [12] , cooperative networks have been studied and the QoE metric is used in optimizing the relay deployment in the network. In [13] , the authors propose a QoE based power allocation method for video streaming over wireless networks. In [14] , the authors optimize the aggregated MOS of the users in a heterogeneous network consisted of one femtocell and one macro-cell. [15] proposes a beamforming method to maximize the aggregated MOS in cognitive radio networks. In [16] , the authors investigate the QoE improvement in a MIMO cognitive network. However, to the best of our knowledge, the QoE criterion has not been taken into account to improve the performance of the MaMIMO HetNets.
In this paper, we propose a QoE-based joint beamforming and power allocation scheme for the downlink of a MaMIMO HetNet. The network is providing a web browsing or video streaming service to its users. These two services are expected to be among the basic services of the future 5G networks. Therefore it is important to provide an appropriate level of user satisfaction for these services [6] , [7] , [17] . The heterogeneous network that we consider includes one macro cell with multiple small cells embedded in its coverage area. The macro base station (MBS) is equipped with an array with a large number of antennas. There are also multiple antennas at the small cell base stations (SBSs). This network serves a number of single antenna users. We try to maximize the QoE of all users by optimizing the beamforming vectors and provide an efficient algorithm to solve the optimization problem. The objective of the optimization problem is to maximize the aggregated MOS of all users in the network, while satisfying constraints on the users' QoS and the power of the MBS and the SBSs. In addition, we include other constraints on the minimum QoE of the users to guarantee a minimum user satisfaction.
Our simulation results show that installing small cells in the network (i.e., using HetNet) leads to a higher users' satisfaction. On the other hand, increasing the number of antennas at the MBS has similar effects on the QoE. These results can be interesting for the network operators who seek solutions to fulfill their user satisfaction. In summary, the main contributions of this paper are as follow: r Presenting the effect of adding small cells to the network or using a large number of antennas at the MBSs on the users' satisfaction in future 5G networks. The rest of this paper is organized as follows: the system model is described in Section II and then the QoE maximization problems are formulated in Section III. In Section IV, the non-convex optimization problems are solved by converting them to equivalent convex problems and using iterative algorithms. Finally, in Section V, we illustrate the results of numerical simulations.
Notations: (.) H and . denote the conjugate transpose and Euclidean norm, respectively. CN (0, R) denotes a circularlysymmetric complex Gaussian random vector with zero mean and covariance matrix R.
II. SYSTEM MODEL
In this paper, we consider the downlink of a two-tier MaMIMO HetNet consisting of N s small cells which are deployed in the coverage area of a macro cell as in Fig. 1 . The MBS and SBSs use non-coherent joint transmission coordinated multipoint beamforming to provide a web browsing or video service for K single antenna users. In this technique, the MBS and SBSs cooperate in transferring data to the users, but every BS sends a separate stream of data. The MBS is equipped with M antennas and in this paper we are primarily interested in the MaMIMO regime where M K [10] . The number of antennas at the jth SBS is denoted by N j .
As we mentioned earlier, MOS is a qualitative measure for assessing QoE, which can be expressed in terms of some objective parameters [4] . For the adopted applications in this paper, an experimental relation between the QoE and QoS parameters can be expressed as follows. For web browsing, this relation can be expressed as [8] ,
In (1), the constants K 1 and K 2 are selected in such a way that the value of MOS web falls in the range of 1 to 5. In addition, d(R)[s] represents the page response time or the delay between a request for a web page and reception of the entire content of that web page. d(R) depends on parameters such as the web page size, round trip time (RTT) (the time interval that an IP packet travels from the server to the UE and returns [7] ), and the type of utilized protocols (such as TCP and HTTP) which can be written as [8] [7] ), respectively. L = min[L 1 , L 2 ] is a parameter that specifies the number of slow start cycles with idle periods (the cycles in packet exchange between UE and server during web page download [7] ), where L 1 and L 2 are defined as [8] 
.
(3) For video service (H.264/MPEG-4 Video Coding), the MOS is obtained as [18] 
where g and e are two constants that are selected in such a way that the value of MOS video falls in the range of 1 to 5. PSNR shows peak SNR and is defined as
u, v and r parameters also characterize a specific video stream. All subchannels between the users and the MBS or SBSs are modeled as flat fading channels. The channel between the kth user and the MBS and between the kth user and the jth SBS is denoted by h k,0 ∈ C M ×1 and h k,j ∈ C N j ×1 , respectively. We assume that perfect channel state information is available at the BSs. The transmitted signal vectors from the MBS and the jth SBS are represented by x 0 ∈ C M ×1 and x j ∈ C N j ×1 , respectively. The received signal at the kth user is modeled as
where n k ∼ CN (0, σ 2 k (mW )) is the Additive White Gaussian Noise (AWGN) at the receiver.
The transmitted signals x 0 and x j are obtained by applying appropriate beamforming vectors at the BSs as
where w l,0 ∈ C M ×1 and w l,j ∈ C N j ×1 (j = 1, . . . , N s ) denote the beamforming vectors at the MBS and the jth SBS corresponding to the lth user, respectively, d l,j is the information symbol transmitted to the lth user by the jth BS (j = 0 is related to the MBS). It is assumed that the information symbols are independent and have unit power (1 mw). In the following sections, we show how to efficiently design the beamforming vectors and the transmitted power of the base stations.
III. PROBLEM FORMULATION
In this section, to find the optimum beamforming based on QoE maximization, we consider two problems corresponding to two different adopted services. The target of the two problems is to maximize the aggregated MOS of the users subject to some constraints on QoS and QoE of users.
Since the value of RTT in 5G networks is very small and we also consider only a few subcarriers, we can ignore it in calcu-lating the MOS parameter in (1) [8] . Hence, for web services the MOS of kth user can be represented by
where w = {w k,j | k = 1, . . . , K, j = 0, 1, . . . , N s } is the set of beamforming vectors. For video service, we have
where
. (10) We also assume constraints on the users' QoS which are defined in terms of the minimum required data rate of R k,m in
is the achievable sum spectral efficiency of the kth user, when the user is decoding data streams from the BSs in a sequential manner using successive interference cancelation [10] .
In this paper, we consider the per-antenna power constraints at all BSs which is more practical than total power constraints when each antenna has its own radio frequency chain [19] . The per-antenna power constraints for the MBS and the jth SBS can also be expressed, respectively, as
where D q,0 ∈ C M ×M and D q,j ∈ C N j ×N j are positive semidefinite zero weighting matrices with only one 1 at the qth diagonal element. P 0,q and P j,q (P 0,q P j,q , j = 1, . . . , N s ) represent the maximum transmitted powers from the qth antenna of the MBS and the jth SBS, respectively.
Our objective is to maximize the aggregated MOS of all users. However maximizing a aggregated MOS does not guarantee that every user will be satisfied. Hence QoE constraints are added to the problems to more strongly enforce the QoE in the beamforming design and ensure fairness between the users. This is done by defining a minimum satisfaction threshold for each user as below
and
From now on, the MOS of kth user for both services are represented by MOS k (w). Using (8)- (16), the optimization problem to determine the beamforming vectors is written as
d)
The problem is non-convex and hence, it cannot be solved efficiently. In next section, we will present a method for converting it to a convex optimization problem.
IV. OPTIMAL BEAMFORMING AND POWER ALLOCATION
In this section, we present methods for solving the optimization problem in (17) and therefore designing the beamforming vectors and the transmitted power of the MBS and SBSs.
A. Web Browsing Service
By considering R k,m in = B · log 2 (1 + SINR k,m in ) and simple manipulation of the QoS constraints, the optimization problem in (17) is converted to maximize w k,j ∀k,j
Since the objective function in (18) is not concave and the two last constraints also are not convex, the problem is a non-convex problem. The constraints can be converted to convex constraints by defining some positive semidefinite matrices as
where rank (W k,j ) ≤ 1 1 . These constraints lead to unique w k,j in above equation (see [20, Lemma 3] ). Hence, we have
and w = {W k,j | k = 1, . . . , K, j = 0, 1, . . . , S} is the set of beamforming matrices. The rank constraints and the objective function are not convex and concave, respectively. Therefore, we consider an equivalent convex optimization problem by calculating the superlevel sets of the objective function as
The new objective function is concave, but the new constraints are still non-convex. We convert them to convex functions by introducing additional optimization variables. Defining the lower bound for the spectral efficiency of each user R k (w) as log 2 (t k ), (22) can be rewritten as maximize W k , j ,z k ,t k ∀k,j
can be converted to the following maximize W k , j ,z k ,t k ,s k ∀k,j
This problem is still non-convex, because of the quasiconcave form of the t k s k function. Therefore, we replace it by a looser upper bound which is a convex function. For any λ k > 0 the bound is defined as [21] λ
where the equality is satisfied by λ k = s k t k . By using (18)-(25), the optimization problem in (24) can be written as maximize W k , j ,z k ,t k ,s k ∀k,j
(26.c) By relaxing the constraint rank(W k,j ) ≤ 1, the optimization problem is translated to (27), whose solutions are the same as the original problem. It is proved in [20, Lemma 3] that the solution of this problem will surly satisfy the rank condition. (17) All the constraint in (27) are convex, and hence, this problem can be solved efficiently by standard techniques. Because of λ k in (25), there may be a difference between the optimal solutions of (17) and (27). In Table I , we propose an iterative algorithm to reduce this. It should be noted that our proposed algorithm is a Sequential Parametric Convex Approximation as described in [22] . In addition, based on Proposition 3.2 in [22] , a KKT point to the problem is achieved.
B. Video Service
For video service, we use (9) to write the optimization problem in (17) as follows:
By simplifying this equation,
The A k is obtained by solving this equation and using (21) .
Then from (19) , the problem in (28) is converted to 1, . . . , K, j = 0, 1, . . . , S} is the set of beamforming matrices and
where R k (w) is defined in (21) . The rank constraints and the objective function are not convex and concave, respectively. Therefore, we consider an equivalent convex optimization problem by calculating the superlevel sets of the objective function. Assume
and also
Then B · log 2 (t 2k ) ≥ t 2 1k and (33) is converted to a convex equation as t 1k − r t 1k ≥ z k −u v √ r. By using (34.a) and (21) ,
By considering N s
Using (25), (36) is converted to the convex constraints
Therefore, by using (33)-(37), (31) is converted to maximize W k , j ,z k ,t 1k ,t 2k ,s k ∀k,j 
All the constraint functions of (38) are convex and hence the problem can be solved efficiently by standard techniques. In table I. the proposed algorithm for solving this problem is shown which replaces t k , t * k and (27) with t 2k , t * 2k and (39). The simulation results of proposed algorithms for web browsing and video will be given in the next section.
V. NUMERICAL RESULTS
This section numerically evaluates the proposed schemes in the previous sections. We consider the downlink of a HetNet consisting of one macro cell with radius 500 [m] and four small cells each with radius 40 [m] that are deployed at the same area (see Fig. 1 ). The four SBSs are equally spaced on a circle of radius 250 [m], centered at the MBS. We assume that there are 6 users in the Macro cell and one user in each small cell (total users K = 10). The users are uniformly distributed in the coverage area (between the radiuses of 35 [m] for log-normal shadow fading [10] . We model the small scale fading channels by independent Rayleigh variables as h k,j ∼ CN (0, R k,j ) , R k,j ∝ I. In the following, we present the results for the two services of web browsing and video separately.
A. Web Browsing
For web browsing service, we assume that the user number 1 to 10 are respectively receiving web page sizes of 18, 30, 50, 100, 200, 320, 400, 500, 650 and 1000 [kB] . Assume the minimum and maximum spectral efficiency for each user are 2 [bit/s/Hz] and 7 [bit/s/Hz], respectively. K 1 and K 2 in (1) are obtained by assigning the minimum MOS to R m in and the maximum to R m ax that results in K 1 = 3.194 and K 2 = 15.1978 (here we use the average F S= 320 [kB] [8] ). In addition, the MSS and RTT are 1460 [byte] and 30 [ms], respectively [8] . Fig. 2 shows the average MOS of the users versus the number of the MBS antennas in a HetNet and compares it with a homogeneous network. The HetNet consists of one MBS and four small cells with different number of antennas. It should be noted that the results for homogeneous network are obtained by setting N s = 0. Here, to obtain the average MOS, the aggregated MOS of all users is divided by K (total number of users). In this figure, we see that the average MOS of the HetNet is always better than the homogeneous network. For example, in the case of M = 20, it is shown that adding small cells to the network leads to about 14%-21% improvement in the average MOS. In addition, increasing the number of MBS antennas from 20 to 80, improves the average MOS of the homogeneous network and HetNet (N = 1) for about 23% and 9%, respectively. In other words, these results show that employing small cells or MaMIMO MBS in the network leads to more user satisfaction. Also the need for adding small cells is much smaller when the BS has more antennas. This figure also shows by increasing the number of the SBSs' antennas, the average MOS of the network will be improved. An interesting result that can be observed from this figure is that a good average MOS can be obtained either by a homogeneous MaMIMO MBS or a HetNet MaMIMO with less number of antennas at the MBS. For example, the average MOS of 4. HetNet where the MBS is equipped with 20 antennas, and the SBSs are equipped with 1, 2, and 3 antennas. Among the 10 users that are in the network, the first six users are always within the Macro cell coverage area and each of the last four users is within one small cell. Comparing Fig. 3 (a) with Fig. 3(b) clarifies that the network with MOS w eb m in,k = 2 is more robust to the sizes of web pages. In other words, by considering QoE constraints in Fig. 3(b) , the MOS of the users are improved in comparison with the Fig. 3 (a) (i.e. the case that there is not any QoE constraints). For example the user 10 with F S = 1000 [kB] gets MOS of 1 and 2 in Fig. 3(a) and Fig. 3(b) , respectively.
B. Video Services
In this part, we present the numerical results for video service. The network parameters are similar to the previous case. The parameters in (9) and (10) are designed by using [18] for PSNR between 30-42 dB. These parameters are u = 28.046, v = 0.038 and r = 5.024. The parameters g and e in (9) are also set to 27.37 and −39.43, respectively. Fig. 4 shows the average MOS by considering MOS v ideo m in,k = 1 (i.e. without considering any QoE constraints in (31)). This figure compares the average MOS of a homogeneous network consisting of one MBS with a HetNet consisting of one macro cell and four small cells with different number of antennas. This figure indicates that for a given number of MBS antennas M , the average MOS of a HetNet is always better than in a homogeneous network. For example, for the case when M = 20, it is shown that adding small cells to the network leads to about 13%-20% improvement in average MOS. In addition, increasing the number of MBS antennas from 20 to 80, improves the average MOS of the homogeneous network and HetNet (about 33% and 19%, respectively). In other words, these results show that employing small cells or MaMIMO MBS in the network leads to higher user satisfaction. Also the need for adding small cells is much smaller when the BS has more antennas. This figure also shows by increasing the number of the antennas at the SBSs, the average MOS of the network will be improved. An interesting result that can be observed from this figure is that a good average MOS can be obtained either by a homogeneous MaMIMO MBS or a HetNet MaMIMO with less number of antennas at the MBS. For example, the average MOS of 2.71 is reached either by M = 50 in homogeneous network or M = 40 in a HetNet with four two-antenna SBSs.
Figs. 5(a) and 5(b) shows the performance of the proposed algorithm when MOS w eb m in,k = 1, ∀k and MOS w eb m in,k = 2.5, ∀k, respectively. In addition, the figures depict the MOS of each user in the MaMIMO HetNet where the MBS is equipped with 20 antennas, and the SBSs are equipped with 1, 2, and 3 antennas. There are 10 users in the network which are numbered from 1 to 10 (on the horizontal axis). In addition, the first six users are always placed in the Macro cell coverage area and each of the last four users is within one small cell. These figures show the advantage of HetNets in improving MOS of each user which are concluded from solving the proposed scheme. In other terms, it can be seen in Fig. 5(b) the MOS of the users are improved by considering QoE constraints in comparison with Fig. 5 (a) (when we do not consider QoE constraints). For example the user 10 gets the MOS of 2.07 and 2.51 in Fig. 5 (a) and 5(b), respectively (about 21% improvement in QoE). Therefore the user 10 is more satisfied than before.
VI. CONCLUSION
This paper proposed a joint beamforming and power allocation scheme for MaMIMO HetNets to maximize the QoE of the users. We provided algorithms to optimize the beamfoming vectors at the MBS and SBSs based on maximizing the aggregated MOS of the network. We consider two different services of web browsing and video in the network. The optimization problems for designing the beamforming vectors were not convex, hence we transformed them to convex optimization problem. Our simulation results show that increasing the number of antennas at the MBS or SBSs leads to a better QoE of users. In addition, we showed that the QoE can be improved by adding small cells to the homogeneous network in both web browsing and video services.
